The European Galileo satellite navigation system offers a signal in space that will enable us to deduce range measurements of unprecedented precision: the E5 broadband signal. These new code range measurements would be up to three or four times more accurate compared to nowadays GPS L1. However, E5 will be the only Galileo signal of that outstanding performance. For this reason, a single-frequency single-site ionospheric delay estimator is experimented with to retrieve absolute VTEC data. A singlefrequency VTEC retrieval algorithm was developed and tested. It is following the principles published in Xia (1992), Issler et al. (2004) , and Leick (1995 Leick ( , 2004 . During the validation phase, we devoted considerable time to process GPS L1 measurements in order to assess the level of precision obtainable with current real-world GNSS measurements. We found the global average RMS to be close to 4 TECU (1.5-2.5 TECU at mid-and higher latitude stations) what is considered to be a promising result. The very limited Galileo satellite constellation present during the time of this study did not allow us to run the absolute VTEC retrieval algorithm with real Galileo data. However, we can demonstrate the significant improvements related to the Galileo E5 signal with the help of satellite-specific ionosphere retrieval results from the Galileo experimental satellite GIOVE-B, although only a limited set of data was available for that purpose. In addition, we are presenting a test case based on simulated data that also underlines that the precision figures will clearly improve when using Galileo E5 data. This could make single-frequency ionosphere retrieval more attractive in the future.
Introduction
One method to separate the ionospheric delay from all the other components inherent in GNSS measurements is to exploit the characteristics of group versus phase delay. In fact, the ionospheric delay has opposite signs on both the code range (''pseudoranges'') and carrier phase measurements.
Although not in widespread use today, a single-frequency GNSS receiver can actually be useful for sensing ionospheric delays, too. A least-squares block adjustment procedure is used for this purpose. A sequential filter implementation of this algorithm, which is not in the focus of this paper, could be used for real-time ionosphere monitoring.
Importance of code ranges
The single-frequency approach makes use of a linear combination of code range and carrier phase measurements. Code ranges are less accurate than carrier phase measurements, in particular because multipath effects impact ranges to a larger extent than carrier phases, but there are variations for the different GNSS signals depending on design parameters such as signal structure and bandwidth (Eissfeller et al. 2007 ). In particular, the E5 AltBOC-modulated broadband signal of the future Galileo navigation satellite system will feature an outstanding multipath performance that can be three or even four times lower compared to the current signals such as GPS L1. The increased multipath resistance and reduced code noise are a result of both the AltBOC(15,10) modulation applied to this signal and the enhanced bandwidth of more than 50 MHz compared to 24 MHz of the GPS L1 signal in space. This fact can make the single-frequency approach more competitive compared to dual-frequency methods, although receiver performance has evolved during the past too, so that GPS L1 data can also be successfully processed as demonstrated in this paper.
Literature review
The idea to use single-frequency GPS measurements for ionospheric delay estimation is not new, but literature on this topic is limited, mainly because of the code noise problem outlined before that has delayed the realization of this concept significantly. Yuan & Ou (2001) outline the basic methodology, but the authors only recognize the relative character of the codeminus-carrier approach rather than the possibility to determine absolute total electron content. Coco et al. (1991) published an article focusing on the estimation of differential instrumental delay biases to make the estimation of total electron content from dual-frequency GPS measurements feasible. This comprises, in particular, the estimation of the L2-L1 differential group delay. Although a calibration technique is depicted, the horizontal interpolation approach carried out for the total electron content is similar to the one followed in this note. Xia (1992) describes an experiment to retrieve absolute ionospheric delay errors from a single-frequency GPS receiver. This approach published in 1992 underlines that the use of a code range minus carrier phase combination (CMC) enables us to determine the total electron content from data collected on just one instead of both GPS frequencies, although some details necessary for a successful delay retrieval are not completely clear, and the author admits that this study is just a very first step and a demonstration of the technique. Just at the same conference, Cohen et al. (1992) present a paper of similar contents. A first-order spherical harmonics model is chosen for horizontal interpolation of the ionospheric delays at the pierce points, which are expressed in a sun-fixed reference frame. A couple of years later, Lestarquit et al. (1996) depict a sequential filter algorithm for L1 only ionospheric delay estimation, which is also mentioned by Issler et al. (2004) . Finally, a more recent publication by Mayer et al. (2008) is -in essence -of the same contents.
Description of algorithm
As already mentioned, the method of single-frequency site-specific VTEC retrieval is not new, so that only a brief description is given here. The reader may refer to the literature cited in the preceding section. In particular, we refer to Leick (1995 Leick ( , 2004 who outlines this method, although its application is focusing on position accuracy improvement rather than ionosphere monitoring in his textbook.
The appropriate observable containing the ionospheric delay in slant direction is the code-minus-carrier observation that eliminates all geometry-dependent components with the impact of the ionospheric propagation delay being the prominent remainder in the observation equation: Satellite-specific bias b REC Receiver common bias b CH Receiver interchannel bias Our target parameter is VTEC that is to be estimated from a set of CMC observables to various GNSS satellites. It should be noted that VTEC i differs for each satellite i, because the rays are passing through different parts of the ionosphere, and a number of bias terms are to be determined. As a matter of fact, this system of equations cannot be solved ad hoc, because it is underdetermined. A common method to solve this problem is to use a horizontal interpolation function, a low-order polynomial in our case with three to four parameters, and to determine its coefficients rather than each piercepoint-related VTEC i individually. The variations in time domain are modeled as piecewise linear function. The system of equations is then solved using a least-squares block adjustment procedure.
Biases
A bias problem is present and must be addressed. The sum of all biases is denoted as b here. The satellite-receiver-specific ambiguity terms are important bias terms in addition to the satellite-specific bias b i . The ambiguities change as soon as a (non-fixable) cycle slip occurs. Such phase jumps are usually related to obstacles hiding the satellite signal, strong multipath effects and ionospheric scintillations. The receiver-specific bias is considered to be common to all observations. In addition, we take an interchannel bias into consideration: Nowadays receivers use a number of hardware channels for satellite tracking. Each of these channels may exhibit an individual delay. These delays are supposed to be estimated in a geodetic-grade receiver, e.g., by tracking one selected satellite on all hardware channels, but our algorithm is also supposed to work with mass-market receivers which are very cheap and for which we cannot assume that such receiver-internal calibration procedures will be carried out with sufficient accuracy. However, please note that mass-market receivers might be equipped with less stable tracking loops and thus are more susceptible to loss of lock causing more cycle slips than high-quality receivers.
We effectively estimate the complete b terms for each uninterrupted satellite arc (typically between 150 and 180 min using a 20°elevation mask). Our assumption is that the bias term does not change over that (relatively short) period of time. We do not separate the common bias b REC from the rest of the terms in our implementation.
Mapping function
The slant ionospheric propagation delays are separated from the bias terms with the help of a mapping function that relates the slant delay to the vertical direction. A commonly used approximation called ''single-layer model'' of the ionosphere is adopted, see e.g., Hoffmann-Wellenhof et al. (1993) . The precision of this mapping function is critical from our experience, even when using an elevation cut-off of 20°. For this reason, station-specific effective heights were adopted and a modified mapping function is used that is documented in Dach et al. (2007) . We can confirm their global effective ionosphere height of 450 km, but considerable variations can be stated, predominantly in the North-South direction. We are using a fixed height for each site: the median from a daily analysis of annual data sets. Smaller seasonal variations exist for certain stations, diurnal variations can be present but have not been investigated yet. An alternative method using the NeQuick2 ray-tracer (Nava et al. 2008 ) to derive precise obliquity factors is underway.
GPS IGS LEO network test
The year 2003 appears to be a proper time period to test the single-frequency ionosphere monitoring approach with real-world GPS data. Intentionally not right in the middle of the solar cycle's maximum activity nor located in its minimum, it is still a period of slightly higher activity than what we would call ''typical''. Moreover, the already-mentioned October 2003 ionosphere storm (Doherty et al. 2004 ) provides a prominent signature in the data sets of most stations.
General information
The IGS LEO network is a sub-network of the IGS tracking network (see http://igscb.jpl.nasa.gov/network/netindex.html, last access: 7 November 2011) implemented in support of LEO satellite missions (e.g., for radio occultation). These stations provide ''high-rate'' data with a sampling interval of 1 s in data fragments of 15 min. The normal data interval is 30 s which is too coarse for single-frequency ionosphere analysis, mainly because cycle slip detection is not as easy as for dualfrequency GPS data and essentially requires high-frequency data. Cycle slips occur under certain conditions (e.g., strong multipath and obstructions) and change the ambiguity term N i mentioned in Formula (1).
The available data of more than 40 reference stations shown in Figure 1 were processed using the GPS L1 signal. The results portrayed in this paper are focusing on a profile of nine selected stations which are approximately aligned from the north to the south, see Figure 2 .
The reference data used to compute differences and to derive the corresponding statistical descriptors were interpolated from IGS IONEX grids (combined final product) which are officially marked to be accurate at a level of 2-8 TECU (see http://igscb.jpl.nasa.gov/components/prods.html; last access: 7 November 2011). Although limited in spatial resolution (the grid size is 2.5°N/S · 5.0°E/W), the IONEX maps are derived from dual-frequency GPS data. We assume that these gridded data are suitable to serve as reference data versus our single-frequency results.
GPS data processing was carried out on daily data batches. The variations in ionospheric delay are modeled as piecewise linear functions with a temporal resolution of 30 min. The daily result files are then compared to the IONEX-derived VTEC values so that up to 12 data samples are available for comparison each day (no interpolation of IONEX data in time domain performed to avoid interpolation errors; averaging of four 30 min VTEC estimates from single-frequency algorithm performed for purposes of compatibility). The term ''number of samples'' designates the number of these 2-h-sample differences d i (between IONEX-derived VTEC and single-frequency estimates) actually available for the comparison. The differences are logged to annual output files from which the annual bias,
d i , is computed with n being the number of samples, i being an index, VTEC IONEX being the vertical total electron content from the IONEX grid, and VTEC GPS L1 that of the single-frequency GPS data processing. The root mean square is
and contains both the intrinsic dispersion of the differences as well as the systematic error, i.e., the annual bias. Figure 3 shows diagrams of the biases (''mean'') and RMS values for the nine selected stations portrayed in Figure 2 in a graphically more appealing manner. Note that data outages are present in some of the data sets. The number of samples (differences) available for statistical analysis is between 4100 and 4380 for four out of the nine presented sites. Slightly larger data losses are linked to KIRU, VILL, and MAS1 (between 3090 and 3180 samples), and the largest data outages occurred at MSKU (1453 samples) which was not recording data for the complete year 2003.
Discussion of results
Typically, the RMS is between 1.4 and 2.3 TECU for the high-and mid-latitude sites which is a very promising result in our eyes. Not unexpectedly, the RMS climbs up to values of 7.2 and 10.7 TECU for MAS1 and MSKU, respectively. Horizontal interpolation errors and mapping function inconsistencies yield higher deviations from the reference data. The global RMS is close to 4 TECU taking all IGS LEO tracking sites into account. This is still in the 2-8 TECU boundaries of the uncertainty we have to expect for the reference data. However, please note that our statistical analysis can only depict the typical annual mean performance of the single-frequency VTEC retrieval algorithm. The accuracy of a single VTEC determination can still show variations, e.g., as a function of local time, which cannot be revealed by our analysis.
The long-term bias of MSKU is the largest out of all nine selected stations, but it is also located closest to the geomagnetic equator where the diurnal variations are strongest and gradients are most expressed. Moreover, this station had to largest number of data outages. Anyway, the bias is still much smaller in magnitude than the RMS of this station.
Galileo E5 test trials
As mentioned in Section 1.1, code range accuracy is of major importance to obtain useful VTEC results with this single-frequency algorithm. With this respect, the dominant error source is multipath. Table 1 summarizes maximum and typical multipath errors for selected signals for one specific type of correlator called ''Narrow Correlator' ' (van Dierendock et al. 1992) as built into certain commercially available receivers.
The reader can see in the table that a number of new signals will be available. The GPS L5 signal, for instance, will also feature an increased multipath performance. Two modulation schemes have been developed for the Galileo E1 signal, one BOC (binary offset carrier; slightly different modulation scheme compared to GPS L1, but of similar overall performance) signal as well as a CBOC-modulated signal (a modified BOC signal) with slightly reduced multipath errors.
However, the Galileo E5 broadband signal will outperform all existing and future signals: It features minimum possible multipath errors. Maximum multipath errors of up to 1.6 m can be expected for E5 compared to more than 5 m for Galileo E1. Typical average E5 multipath code range errors in urban environments (strong multipath) should be in the range of around 0.3 m, but more than 2 m for Galileo E1 (CBOC). An ultimate performance of 4 cm could be reached in open environments where multipath errors are typically of lowest magnitude.
The improved code range precision will improve the codecarrier combination used for VTEC estimation in our single-frequency algorithm, of course. On the other hand, and in addition, the single-frequency single-site algorithm suffers from modeling errors which cannot necessarily be reduced by more precise observations, namely:
1. Inaccuracies related to the single-shell modeling approach, in particular the fixing of the effective height of the ionosphere that directly impacts the computation of the ionospheric pierce points and the computation of the mapping function. 2. The horizontal interpolation function is a source of error, because it will always exhibit a certain approximation error. This error is moderate in the mid-latitudes under typical conditions according to our experiences, but will grow under ionospheric storm conditions and the closer we get to the geomagnetic equator. 3. We currently assume that the Galileo E5 wideband signal will behave like a monochromatic wave, although it covers a broader spectrum of frequencies. This remains to be investigated in the future (Gao et al. 2007 ).
Note that biases are not considered to be a problem here, because these ones will be estimated as additional parameters and just are assumed to be stable for a couple of hours in our approach.
Despite these additional sources of error, it is undoubtedly desirable to use the most accurate code-carrier linear combination available. The Galileo E5 signal consequently offers an interesting alternative for the future. The following sections present some initial results underlining the benefit of this broadband signal.
Real-world data from GIOVE-B
The single-frequency VTEC estimator requires at least three well-distributed satellites to be observed simultaneously. This condition was not fulfilled at the time of this study: only two experimental Galileo satellites, GIOVE-A and B (we only present GIOVE-B results here), periodically broadcast the desired E5 signal. Nevertheless, we can illustrate the largely reduced noise characteristics of the E5 versus the E1 signal even with one single satellite using the ''time-relative satellite-specific mode''. The algorithm used here is similar to that depicted by Yuan & Ou (2001) . The only difference is that we are using IO-NEX data to determine the offset to level the relative data to absolute values, whereas Yuan and Ou use different models (e.g., Klobuchar) to do so.
Usable data on both E1 and E5 were available for the experimental satellite GIOVE-B (launch: 26 April 2008) on 12 January 2012 for a relatively long period of time. Data recording was done with a Septentrio PolaRx reference station receiver that makes use of the minimum necessary filter bandwidth of 51 MHz. The time series are plotted in Figure 4 (ZID: zenith ionospheric delay). The difference between the E1 and the E5 solutions is remarkable. The Galileo E5 time series is crystal-clear. The (random) noise level is extremely small, but one can still identify signatures that are most likely related to multipath effects rather than ionospheric fluctuations, but at a lower level of magnitude than the results based on the E1 signal. We have detrended these two time series with a polynomial of order 8 and analyzed the residuals in order to obtain a precision measure of the relative VTEC data. This yields a standard deviation of 0.33 TECU for the Galileo E1 and 0.13 TECU for the Galileo E5 results, a factor of 2.5 (and an improvement of 61%).
Simulated scenario (2006 Greece earthquake)
The 2006 Southern Greece earthquake occurred on 8 January 2006. The earthquake epicenter is shown on the map in Figure 5 . Earthquake precursors can sometimes be sensed as a signal in the ionosphere under certain conditions, although the physics behind are not yet completely understood (Pulinets & Boyarchuk 2004) and are commonly considered to be a controversial issue. Anyway, for us, the main reason to select this event as a simulated test case in order to demonstrate the benefits of the Galileo E5 wideband signal is the following: Ionospheric earthquake precursors can only be identified under geomagnetically quiet conditions. Under such conditions, we can assume that the horizontal interpolation error of the single-site single-frequency VTEC estimation algorithm will be small, whereas the error will grow under disturbed conditions. (Eissfeller et al. 2007 ) assuming a GNSS receiver with built-in ''Narrow Correlator'' for multipath mitigation (the maximum error specifies the multipath envelope, the representative average errors is derived using a channel model).
Signal
Bandwidth ( Hence we are able to separate data modeling errors from observation uncertainties.
Data simulation
Simulated code range and carrier phase data for 7 days including several days before the seismic event were generated and analyzed. These synthetic observations were generated with a temporal resolution of 5 s. The further simulation settings are as follows:
The random carrier phase noise is set to a minimum of 0.6 mm and a maximum of 2 mm as a function of elevation. This corresponds to typical values for high-quality geodetic receivers. The code range noise is assumed to be 11 cm for Galileo E1 (identical choice for GPS L1) and 1 cm for Galileo E5 in zenith direction following Avila-Rodriguez et al. (2004, Table 6 ). These minimum noise figures are mapped into slant direction using an elevation-dependent exponential function so that measurements close to the horizon are considerably noisier than close to the zenith -an evident characteristic.
The multipath settings are taken from Eissfeller et al. (2007) and correspond to the values listed in Table 1 : the maximum code range multipath is set to 6.93 m for Galileo E1 and 1.62 m for Galileo E5. The maximum carrier phase multipath errors are set to 23.8 mm for Galileo E1 and 31.4 mm for Galileo E5. The fact that Galileo E5 exhibits a higher maximum error on the carrier phase is linked to the phase shift induced by the multipath. Since the wavelength of E5 is higher (25.2 cm) compared to E1 (19.0 cm), the resulting error in metric units will be higher, too. However, all these error values for the carrier phases are of minor concern, because code range errors are clearly dominating. Similarly to the randomly distributed noise figure, an elevation-dependent increase of the multipath error is to be expected. In our simulation we assume that 32% of the maximum error are typically present at an elevation angle of 10°, and we set this ratio to 1.2% for values at zenith (which is rarely reached by the Galileo satellites). These percentages are taken from our experiences and approximately correspond to an environment at our University campus. Actually, we arrive at errors between 52 cm (at 10°) and (theoretically) 2 cm (at 90°) for the E5 signal which approximately fits the typical values stated in Table 1 for category ''urban''. Note that the typical average elevation of a Galileo satellite is around 30°to 35°. With this respect, our simulation settings are relatively pessimistic, because there are also reference stations located in ''open'' environments. At these locations, the results obtained with Galileo E5 single-frequency data analysis could be significantly better than in our simulated scenario.
IGS IONEX maps were used to extract the ionospheric delay information and feed the simulator. Biases are present for each satellite and are always part of the estimation model of the single-frequency VTEC retrieval algorithm. As outlined before, no separation between receiver common biases and satellite-specific ones is carried out, i.e., individual biases are estimated for each uninterrupted satellite arc.
Results
Since we want to outline the benefit of the improved measurement precision of the Galileo E5 data, we restrict the results to a look at the standard deviation of unit weight à priori (r 0 ) and a posteriori (s 0 ). The first is arbitrarily chosen as 1 m. The empirical à posteriori value is computed as s
where v is the vector of residuals and P is the weight matrix. The results obtained with the Galileo E5 data are listed in Table 2 .
It is to be stressed that the standard deviation of unit weight à posteriori is not only defined by the measurement precision only, but can also be influenced by data mismodeling effects, of course. However, we have intentionally chosen a geomagnetically quiet period of time in order to make sure that such modeling artifacts are reduced to sufficient extent, so that the results we see should be in major parts related to the measurement precision.
In average, the empirical standard deviation of unit weight is close to 10 cm for Galileo E5 and 38 cm for GPS L1 (not tabulated, because these values show little variability for the individual stations). This underlines the increased precision expected for the Galileo E5 broadband signal. Moreover, we can see that the minimum and maximum values in the case of GPS L1 only show very marginal variations, whereas the variations for the Galileo E5 results are higher (0.07 to 0.15 m). The explanation for this fact is actually related to the influence of modeling errors: These modeling uncertainties map into both standard deviations, but in the case of the GPS L1 results, these errors are more or less completely hidden by the relatively high observation noise, so the values do not show any strong numerical difference. This is a bit different from the Galileo E5 results. Here, the code range uncertainties are so small that modeling errors become visible in the numerical results. Consequently, the standard deviation of unit weight a posteriori can differ from day to day (and from site to site) depending on the individual ionospheric conditions introducing different modeling errors to the retrieval algorithm.
Clearly speaking, the mismodeling errors due to the limitations inherent in the horizontal interpolation algorithm and the mapping function (single-layer model of the ionosphere) will increase under unfortunate conditions such as ionosphere storms. In these cases, s 0 will be in major parts influenced by these modeling errors so that the advantage of the improved code range precision of the E5 observations is likely not to yield a significant gain in the overall accuracy of the results. This is a limitation of the single-frequency single-site algorithm rather than of the Galileo E5 signal. The benefits of E5 wideband observations could still play an important role in network-based approaches in the future under such conditions.
Summary, conclusions, and outlook
The future global satellite navigation system Galileo will offer an outstanding signal in space, the E5 broadband signal, that will offer a code range accuracy, which is at least a factor of two up to a factor of 4 better than what we currently can expect from GPS L1 code range measurements. Unfortunately, this will be the only signal of that kind transmitted by the Galileo satellites. For this reason, we experimented with single-frequency single-site ionospheric delay estimation.
Despite the advances in measurement precision we expect from Galileo, we were surprised in a positive way by the VTEC results we could obtain from GPS real-world data for the year 2003. Comparing the estimated results with those of IONEX data from the IGS, a RMS of 4 TECU was obtained in global average. Most mid-and high-latitude stations even exhibit smaller RMS values of 1.5-2.5 TECU, whereas stations located within the geomagnetic equatorial belt normally show higher deviations.
Real data of the GIOVE-B experimental Galileo satellite were analyzed afterwards, demonstrating that a significant increase in measurement precision can be expected in the near future provided that the E5 AltBOC signal will be implemented in a similar manner as for GIOVE-B: the satellite-specific results for E5 are a factor of 2.5 less noisy than the results obtained from E1 data (what approximately corresponds to GPS L1 data). Unfortunately, there are not enough Galileo satellites in the sky yet (first half of year 2012) so that no absolute VTEC retrieval is possible with E5 data. Results for a geomagnetically quiet period of time from simulated observations confirm that the standard deviation of unit weight is significantly reduced for the Galileo E5 results compared to that of E1. We expect this advantage to diminish under disturbed conditions or when moving toward the geomagnetic equator. The reason for this fact is linked to the main data modeling errors inherent in the single-frequency single-site approach: inaccuracies related to the single-shell modeling approach directly impact the computation of the ionospheric pierce points and the computation of the mapping function. Moreover, the horizontal interpolation function is a source of error, because it will always exhibit a certain approximation error that will grow under disturbed conditions. Regarding the Galileo program, note that a full constellation of Galileo satellites is expected to be in place around 2020, but four IOV satellites should already be in orbit around the end of 2012 with an initial orbit configuration of 18 satellites to be ready around 2014-2016 (interested readers can find updates at the European Space Agency's web site http://www.esa.int/esaNA/galileo.htmlsee ''Galileo Fact Sheet (PDF)'' (last access: 27 September 2012)).
Our future work regarding this single-site approach is to link the retrieval algorithm with the NeQuick2 ray-tracer. We hope to derive improved mapping function values via that method, and to better account for variations in the vertical structure of the ionosphere that is currently only modeled with one site-specific effective height of the ionosphere, fixed for the complete year.
